Recently, Shewanella putrefaciens isolated from an industrial cooling water system has been shown to play a role in microbially influenced corrosion. In this study S. putrefaciens isolated from industrial cooling waters was shown to produce low levels of hydrogen sulfide from sulfite at dissolved oxygen concentrations up to 1.5 mg l 3I oxygen. Although oxygen is the preferred electron acceptor with the highest energy yield, some of the electrons were diverted to sulfite. When the starting inoculum was from a sulfite-reducing culture, the growth rate and oxygen depletion rate were lower compared to when the inoculum was from an aerobic culture that did not reduce sulfite, indicating that sulfite reduction occurred concurrently with oxygen reduction. The reduction of sulfite by S. putrefaciens under microaerophilic as well as anaerobic conditions points towards a more significant role of this species in microbially influenced corrosion when growing as a biofilm. z 1998 Published by Elsevier Science B.V. All rights reserved.
Introduction
Shewanella putrefaciens, an obligate respirer, has been isolated from di¡erent environments including sediments, oil¢eld waters, cooling waters and protein-and fat-rich foods [1^3] . Recently, S. putrefaciens isolated from an industrial cooling water system has been shown to play a role in microbially in£uenced corrosion [4] . This bacterium reduces ferric iron and sul¢te to ferrous iron and hydrogen sul¢de (H P S), respectively, and oxidises cathodic hydrogen (H P ) from mild steel under anaerobic conditions. In addition to the reduction of ferric iron and sul¢te, S. putrefaciens is documented to reduce a range of further electron acceptors including oxygen (O P ), nitrate, nitrite, thiosulfate, manganese(IV) [5] .
Surfaces exposed to industrial cooling waters are generally covered in microbial bio¢lms, which harbour a variety of bacteria in structured consortia [6] . Metabolic activity within these microbial bio¢lms results in the development of O P and sulfate/sul¢te gradients [5, 7] . Cooling systems in countries with water restrictions keep water intake to a minimum, and the cooling water is maintained at up to 16 cycles of concentration. Such systems generally con-tain up to 40 mM of sulfate due to the composition of the intake water as well as the high degree of concentration due to evaporation [8] . Sulfate-reducing bacteria (SRB) growing in the anaerobic regions of bio¢lms in such systems reduce sulfate to H P S. Hydrogen sul¢de reaching the oxygen/H P S interface in the bio¢lm is oxidised to sul¢te and thiosulfate [7] . The resultant sul¢te or thiosulfate is therefore available to anaerobic respirers for reduction to H P S.
In the absence of O P , S. putrefaciens conserves energy for growth by coupling the reduction of a terminal electron acceptor to the oxidation of a range of electron donors. Generally, O P is the preferred electron acceptor as it yields the highest free energy. Therefore, in the presence of molecular O P the reduction of sul¢te is energetically wasteful (E o ry 3 Q /HS 3 = 3110 mV, O P /H P O = +1229 mV) [9, 10] . The kinetics of competing reactions at branch points in the electron transport chains of S. putrefaciens are not well controlled, and reducing equivalents have been shown to be directed to ferric iron (E o Fe Q /Fe P = +770 mV), in the presence of O P [10, 11] . It is therefore possible that in the presence of molecular O P some reducing equivalents could also be diverted to sul¢te, away from O P .
The occurrence of S. putrefaciens in cooling water systems has been well established [2, 4] . There is no documented information regarding their ability to reduce sul¢te to H P S in environments where O P is present at low partial pressures. We investigated the ability of S. putrefaciens isolated from an industrial cooling water system to reduce sul¢te in the presence of molecular O P .
Materials and methods

Isolate used
A facultative sul¢dogenic isolate from a cooling water system was previously identi¢ed as S. putrefaciens by BIOLOG-GN (Biolog), API 20NE identi¢-cation system for non-enteric Gram-negative rods (Analytical Pro¢le Index, bioMe èrieux), sodium dodecyl sulfate polyacrylamide gel electrophoresis of whole cell proteins [12] and partial sequencing of 16S rRNA gene [4] . It was maintained on nutrient agar slants and in 15% glycerol at 370³C.
Culture conditions
All experiments were performed by culturing in modi¢ed iron sul¢te (MIS) medium, which comprised magnesium sulfate (2.0 g l 3I ), ascorbic acid (0.75 g l 3I ), tryptone (10 g l 3I ), sodium sul¢te (0.5 g l 3I ), ferric citrate (0.5 g l 3I ), and lactic acid (2.4 ml l 3I ) [2] . The medium, supplemented with resazurin (1 Wg ml 3I ), was set at pH 7.5 before autoclaving. Anaerobic conditions were obtained by £ushing dispensed medium in Hungate tubes with nitrogen to remove O P , autoclaving the medium and reducing by adding titanium(III) citrate with a syringe to the cooled medium [13] . Where sulfur compounds were omitted, the medium was termed double modi¢ed iron sul¢te (DMIS) medium and magnesium sulfate was replaced by magnesium chloride to supply magnesium.
Analytical methods
Hydrogen sul¢de was quanti¢ed colorimetrically by the method of Siegel [4] . Samples (0.2 ml) were transferred to Hungate tubes, supplemented rapidly with 1.8 ml distilled water, 0.2 ml of DPD reagent (0.234 g NP,NP-dimethyl-p-diphenylenediamine sulfate in 50 ml 7.2 M HCl) and 0.2 ml ferric chloride solution (0.81 g FeCl Q in 100 ml 1.2 M HCl). Tubes were stoppered immediately to prevent loss of H P S, and incubated while shaking at 37³C in the dark for 20 min. Cellular debris was removed by centrifugation for 2 min at 14 000Ug. The concentration of H P S was determined by measuring the absorbance at 650 nm.
Dissolved oxygen was measured using a O P meter (Schott Gera ëte, model GC 867) calibrated daily with boiled double-distilled water and O P -saturated distilled water.
Batch experiments
Inocula for the di¡erent experiments were prepared by inoculating a single colony from an 18-h culture either into 10 ml of DMIS broth (containing no sul¢te), incubating aerobically for 12 h while shaking at 180 rpm at 30³C, or into Hungate tubes containing 5 ml of MIS medium (containing sul¢te) pre-reduced with titanium(III) citrate (1.3 mM) as the reductant and resazurin (1 ml of a 0.1% w/v solution) as the redox indicator [13] . Side-arm £asks (total volume 250 ml) containing 100 ml of MIS broth were inoculated with 1 ml of either culture grown aerobically in DMIS or culture grown anaerobically in MIS. Flasks were stoppered loosely with sterile cotton wool to allow oxygen uptake and incubated at 30³C while shaking at 180 rpm. The absorbance at 600 nm was determined every 15 min. The dissolved O P levels were also measured at 15-min intervals using a pre-sterilised oxygen electrode, and samples were taken every 15 min for H P S determinations.
Continuous culture experiment
S. putrefaciens was grown in continuous culture in a chemostat to determine the e¡ect of O P concentration on sul¢te reduction. The chemostat was inoculated with 1 ml from a culture grown aerobically at 30³C for 12 h in DMIS broth while shaking at 180 rpm. The culture was incubated in MIS for 12 h at 30³C while adding a continuous stream of sterile air to facilitate aerobic growth. After the 12-h period, medium addition was started by adding MIS broth at a constant £ow rate of 4.3 ml min 3I , at a working volume of 900 ml. This yielded a speci¢c growth rate of 0.287 h 3I . The vessel was supplied with a continuous stream of sterile air, stirred at 400 rpm and maintained at 30³C. The dissolved O P and pH were recorded using autoclavable probes submersed in the culture medium, and the concentration of H P S in the spent medium was determined at regular intervals. When the culture had grown at steady state for 48 h, the rate of air supply was decreased daily until the dissolved O P concentration reached 0 mg l 3I .
Results and discussion
Our results demonstrated that S. putrefaciens isolated from an industrial cooling water system is capable of reducing sul¢te at dissolved O P concentrations below 1.5 mg l 3I . During continuous culture, S. putrefaciens produced some H P S in the presence of 3 mg l 3I dissolved O P , taken that at 30³C O P saturated water contains 7 mg l 3I O P [14] . The level of dissolved H P S in the culture broth increased when dissolved O P dropped below 1.5 mg l 3I (Fig. 1 ). This showed that at low O P tension S. putrefaciens was diverting electrons to sul¢te and to molecular O P . Reduction of sul¢te by S. putrefaciens was, therefore, not restricted to anoxic or anaerobic conditions, but took place in parallel with the reduction of O P .
The level of dissolved O P reached zero after 180 min (OD THH = 0.45) when the inoculum had been pre-grown aerobically in the absence of sul¢te in MIS medium (Fig. 2a) whereas inoculum pregrown anaerobically in MIS broth only depleted the dissolved oxygen after 255 min (OD THH = 0.63). The rate of oxygen depletion in cultures pre-grown anaerobically in MIS broth was therefore much slower than in cultures pre-grown without sul¢te (Fig. 2) . H P S was detected directly following inoculation but levels were constant at 0.1 mM. The anaerobic pre-grown cultures possessing sul¢te reductase at the start of the experiment started to produce some H P S while reducing O P after 90 min. These levels were generally slightly higher than the baseline but much of the resulting H P S was probably either re-oxidised by available O P or dissipated due to vigorous shaking, avoiding detection. This indicated that at least some electrons were transferred to sul- ¢te, while O P was being used as electron acceptor. The growth rate of anaerobically pre-grown cultures (W = 1.6 h 3I ) was also much lower than that of their aerobically pre-grown counterparts (W = 2.7 h 3I ), indicating a lower energy yield per unit time. In the aerobically pre-grown cultures, growth was initially inhibited by sul¢te in the broth. Sul¢te has a transitory inhibitory e¡ect on growth of S. putrefaciens [4] . In the early exponential phase (60^105 min), the growth rate was high (W = 2.7 h 3I ) and decreased when the dissolved O P level dropped below 1.5 mg l 3I to W = 1.44 h 3I , concurrent with a slight increase in the detectable H P S levels. The latter growth rate was very similar to that of the anaerobically pregrown cultures. This implied that the aerobically pre-grown cultures were initially using O P as electron acceptor, and switched to using both sul¢te and O P as terminal electron acceptors when the dissolved O P dropped below 1.5 mg l 3I , similar to cells in the continuous culture (Fig. 1 ). The energy yield is highest when O P is the electron acceptor supporting the maximal growth rate. When some of the electrons are passed to sul¢te instead of the oxygen, the energy yield would be lower, leading to a lower growth rate.
There appeared to be no tight control of the expression of sul¢te reductase. One would expect induction of expression of sul¢te reductase at the point when O P was depleted. Our data indicate that this enzyme was expressed even when molecular O P was present at concentrations below 1.5 mg l 3I . S. putrefaciens was also found to reduce ferric iron in the presence of low O P levels [11] . It therefore appears that both ferric iron and sul¢te reductases are expressed at low partial oxygen pressures. It is not clear why S. putrefaciens diverts electrons to sul¢te when the energy yield is much higher when O P is the terminal electron acceptor. While this mechanism is energetically wasteful, it may have some as yet unexplained ecological signi¢cance. It may be that the control of expression of sul¢te reductase is not tightly regulated in order to ensure electron transport activity under all conditions.
Initially the sulfur cycle can only be initiated by true SRB. As soon as sul¢de is present, it will be reoxidised at the O P /H P S interface [7] and can then be reduced again by S. putrefaciens. Our results show that sul¢te reduction by S. putrefaciens does not only occur in the strictly anaerobic region of bio¢lms but also at the oxic/anaerobic interface where sul¢te levels would be highest. Bacterial bio¢lms in water systems are structurally heterogeneous and are rich in channels and pores to ensure exchange of metabolites by perfusion [6] . The redox interfaces within bio¢lms are often characterised by strong electron acceptor gradients. S. putrefaciens can utilise the highly electropositive compound O P as well as more electronegative compounds such as sul¢te and ferric iron almost anywhere in the bio¢lm, not only in the strictly anaerobic zones as is the case with SRB [7, 8] . Very little information is available on electron donors in cooling water bio¢lms, especially because the carbon content in such systems is determined largely by the raw water intake as well as by the metabolic activities of the microbial consortium present. The experimental results presented here were obtained using lactate as electron donor, while the electron donors present in cooling systems may be di¡erent. Therefore the capability of S. putrefaciens to reduce sul¢te in the presence of oxygen in actual cooling systems may be di¡erent and will require further investigation.
The reduction of sul¢te by S. putrefaciens from 1.5 mg l 3I O P , concurrently with oxygen, shows that it may produce H P S under microaerophilic conditions.
